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Smooth layers of 20 nm of copper have been deposited on a 
tantalum substrate from ionic liquids under high vacuum 
conditions. By electrochemical vacuum deposition (EVD) it is 
possible to achieve extremely low concentrations of oxygen and 
water, so that the tantalum electrode does not oxidize. Due to the 
low vapor pressure of ionic liquids, no evaporation of the 
electrolyte was observed in high vacuum. The wide 
electrochemical windows of the ionic liquids are advantageous to 
obtain nucleation densities up to 8 1014 m-2 of copper on the 
tantalum electrode by applying a very large overpotential. Copper 
was deposited at potentials as negative as -3 V versus a Cu pseudo-
reference electrode. 
 
Introduction 
 
Due to their intrinsic ionic conductivity and wide electrochemical window, ionic 
liquids are interesting non-aqueous electrolytes for the electrodeposition of reactive 
metals which cannot be deposited from aqueous solutions (1-5). Studies have been made 
on the electrodeposition of titanium (6-7), tantalum (8-9), magnesium (10), silicon (11), 
germanium (12), cesium (13) and the rare earths (14), but the most successful and 
convincing results were obtained for aluminium and some of its alloys (15-26). At first 
sight, there seem to be no advantages associated with the electrodeposition from ionic 
liquids of metals which can also be deposited from water like zinc, copper, silver or gold. 
However, ionic liquids not only allow to deposit alloys of these metals with compositions 
not obtainable from aqueous solvents, but these solvents also allow in principle to use 
electrodes made of materials that are passivated in the presence of water. Typical 
examples are titanium, niobium or tantalum. The wide electrochemical window of ionic 
liquids is an advantage if one wants to electrodeposit at very large overpotentials to get a 
high nucleation density. A property of ionic liquids that has not been explored so far for 
electrochemical applications is their extremely low vapor pressure. This allows to 
electrodeposit from a liquid electrolyte under high vacuum conditions without the danger 
of evaporation of the electrolyte. A useful application is the deposition of a thin copper 
metal layer on a tantalum electrode. The possibility of direct deposition of copper on a 
tantalum barrier is of great importance for the microelectronics industry. In state-of-the-
art wafer technology, a barrier layer of Ta/TaN prevents the diffusion of copper into 
silicon (27-29). Presently, the copperlayer is fabricated via a two-step process. First, a 
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copper seed layer is grown by Physical Vapor Deposition (PVD) and this layer protects 
the underlying tantalum against oxidation. On top of this seed layer, copper is deposited 
electrochemically from an aqueous sulfate solution until the desired thickness is reached. 
Moreover, the filling of trenches and vias with copper without creating a void is a 
challenge (30). In direct electrodeposition of copper on tantalum no seed layer is required 
and this would allow to reduce the two-step process into a one-step process. The direct 
electrodeposition of copper on tantalum has already been described from aqueous 
solutions (31-32), but the authors are aware of the fact that in aqueous solution, tantalum 
is covered with its native oxide.  
 
In this paper, copper is deposited on tantalum using copper(I) 
bis(trifluoromethylsulfonyl)imide (Cu(Tf2N)) dissolved in the ionic liquids 1-ethyl-3-
methylimidazolium chloride ([C2mim]Cl), N-butyl-N-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide ([BMP][Tf2N]), or in mixtures of the latter ionic liquid 
with N-butyl-N-methylpyrrolidinium chloride ([BMP]Cl). The electrodeposition process 
is carried out in high vacuum conditions to prevent passivation of the tantalum electrode. 
It is shown that large overpotentials are needed for obtaining a welladhering closed 
copper layer. 
 
Experimental 
 
[BMP][Tf2N], [BMP]Cl and [C2mim]Cl were purchased from IoLiTec. Cu(Tf2N)2 
was prepared by dissolving an excess of CuO in an aqueous solution of H(Tf2N). The 
remaining CuO was filtered off and the water evaporated under reduced pressure. Before 
use, appropriate amounts of Cu(Tf2N)2 and the ionic liquid were mixed and dried in 
vacuo at 120 oC.  
 
Electrochemical experiments were conducted using a Solartron SI 1287 Electrochemical 
Interface. The electrochemical cell (5 cm3) was a home-made copper crucible which also 
served as counter electrode. By using a copper crucible, the equilibrium of the 
comproportionation reaction was maintained (vide infra). The crucible was placed in the 
vacuum chamber and the pressure was reduced below 4 10-6 mbar. This step effectively 
removed water, oxygen and any remaining organic impurities out of the ionic liquid. A 
polyimide ThermofoilTM heater was used to maintain the temperature at 90 oC. The 
working electrodes for cyclic voltammetry consisted of platinum wire (Φ = 0.5 mm, 
Goodfellow, 99.99%) and were mechanically polished with diamond paste (3 μm), rinsed 
in demineralized water and dried. The working electrodes for deposition experiments 
were cut from silicon wafers covered with 10 nm of TaN, 40 nm of Ta, and 150 nm of 
Cu. Before the actual deposition experiment, the copper layer was electrochemically 
stripped at +0.1 V. All potentials mentioned are referred to a copper pseudo-reference 
electrode. Optical spectra were measured on a Varian Cary 5000 spectrophotometer at 
room temperature. Absorption spectra of Cu2+ solutions were recorded in a 0.2 cm quartz 
cell, whereas the stabilized solution (vide infra) was measured with a path length of 1 cm. 
The morphology of the deposits was determined by scanning electron microscopy 
(Philips XL 30 FEG). 
 
Results and discussion 
 
Spectroscopy of copper solutions 
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It is known that in non-aqueous solvents, cuprous ions can be more stable compared 
to aqueous solutions (33). Even more, it turns out that in ionic liquids these ions are more 
stable than cupric ions, leading to a comproportionation reaction when a Cu2+ solution is 
brought in contact with metallic copper: 
 
2Cu Cu 2Cu+ ++ ?      [1] 
 
This phenomenon was already previously encountered in ionic liquids with the 
bis(trifluoromethylsulfonyl)imide anion (34-36). The comproportionation reaction 
requires a stabilization step of the solution before deposition experiments can be 
performed. If this step would be skipped, the copper deposit would start to dissolve in the 
Cu2+ solution as soon as the deposition potential is no longer applied. Therefore, 
solutions of 0.5 mol dm-3 of Cu(Tf2N)2 were poured into a copper crucible, heated and 
vigorously stirred overnight so that reaction [1] reaches equilibrium. In [BMP][Tf2N], the 
equilibrium of reaction [1] lies almost completely to the right as proven by 
spectrophotometric experiments. Cupric ions strongly absorb at a wavelength of 955 nm 
and the absorbance is a linear function of the concentration of cupric ions (see figure 1).  
 
 
 
Figure 1.  Absorption spectra at room temperature of the stabilized [BMP][Tf2N]-
Cu(Tf2N) solution (dashed line) and six Cu2+ solutions with different concentrations 
(solid lines). Insert: absorbance as function of Cu2+ concentration at a wavelength of 955 
nm. 
 
For the stabilized solution however, the absorbance is zero at 955 nm indicating that 
virtually all cupric ions are converted into cuprous ions. This is in contrast with the data 
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from references (34-35): they found a conversion of 60% of Cu2+ in trimethyl-n-
hexylammonium bis(trifluoromethylsulfonyl)imide but these results were obtained at 
different temperatures. For the chloride containing solutions, no spectroscopic 
measurements were done, because the solutions tend to crystallize at room temperature. 
However, it is reasonable to assume that in these solutions the conversion of cupric into 
cuprous ions is almost 100%. In a mixture of AlCl3 and N-methylpyridinium chloride 
(67-33 mole%), the equilibrium constant for reaction [1] is 5 1017 on a molal basis (37), 
meaning that the concentration of cupric ions is negligible compared to the cuprous ion 
concentration. All solutions mentioned in this paper are prepared with a Cu2+ 
concentration of 0.5 mol dm-3, poured into a copper crucible and given time to reach the 
equilibrium of reaction [1]. Further on, they will be mentioned as containing a Cu(Tf2N) 
concentration of 1 mol dm-3. 
 
Estimation of the tantalum oxidation in high vacuum 
 
Because of the oxophilic nature of tantalum metal, it is important that the amount of 
oxygen that can react with the bare tantalum metal is limited so that no passivation of the 
substrate takes place. The following calculation (at 50 oC, because not all data are 
available for 90 oC) shows that electrodeposition in high vacuum conditions is promising 
for this purpose. The partial pressure pO2 for O2 in high vacuum is 8 10-7 mbar. With this 
pressure and the Henry coeffcient HO2, the molar fraction xO2 of O2 in the ionic liquid can 
be calculated: 
 
O2 O2 O2p H x=       [2] 
 
At 50 oC, HO2 is 1.210 106 mbar for [BMP][Tf2N] (38), so xO2 = 6.61 10-13. Using the 
molar mass and density of [BMP][Tf2N] (422.21 g mol-1 and 1.37 g cm-3 (38-39) 
respectively), this value can be converted to molar bulk concentration cO2 of O2 in 
[BMP][Tf2N]: cO2 = 2.14 10-12 mol dm-3. The concentration co of O2 near the tantalum 
surface was assumed to be zero because of the fast kinetics of the oxidation of tantalum. 
These values were used to solve Fick's second law of diffusion, with J the flux of O2 at 
the tantalum surface and DO2 the diffusion coeffcient of O2 in [BMP][Tf2N] which leads 
to: 
 
O2
O2
cJ(t) D
Dt
=
π
     [3] 
 
Integration of this equation gives the amount of O2 that can diffuse to the tantalum 
surface in a given amount of time: 
 
t
O2
O2
0
D tJ( )d 2cζ ζ =
π∫     [4] 
 
Since DO2 ≈ 10-8 dm2 s-1 (40), this equation can be solved: the resulting graph is plotted in 
figure 2. After 400 s, less than 5 10-15 mol dm-2 can reach the tantalum surface. This 
amount has to be compared with the amount of oxygen that is needed for the conversion 
of tantalum metal into Ta2O5. A metallic surface has ± 2 1017 atoms dm-2, so the 
oxidation of one monolayer of tantalum metal requires 5 1017 atoms dm-2 of oxygen, or 4 
ECS Transactions, 25 (27) 119-128 (2010)
122
Downloaded 05 Mar 2010 to 134.58.253.57. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
10-7 mol dm-2 of O2. This calculation shows that the amount of O2, required for oxidation 
of one monolayer of tantalum metal, is 8 orders of magnitude larger than the amount of 
oxygen that is available by diffusion. So EVD should enable the direct deposition of 
copper on tantalum metal. This calculation does not take into account the presence of 
water or the effect of adsorbed species onto the copper seed. 
 
 
 
Figure 2: Amount of O2 that has reacted with the electrode per unit area as a function of 
time. 
 
Electrochemistry of copper 
 
Figure 3 shows the cyclic voltammogram of 1 mol dm-3 of Cu(Tf2N) in [BMP][Tf2N] 
at 90 oC using a scan rate of 50 mV s-1. Cuprous ions are reduced to metallic copper at 
negative potentials and oxidized to cupric ions at potentials more positive than 0.8 V vs 
Cu. The cyclic voltammograms for the [C2mim]Cl and [BMP]Cl solutions show analogue 
features. The cyclic voltammogram for a tantalum working electrode is shown in figure 
4. It is limited to the potential values in which only copper metal or Cu+ ions are present. 
As can be clearly seen, the deposition of copper onto tantalum requires a considerable 
overpotential of 200 mV, leading to the presence of a nucleation loop. This nucleation 
loop is a clear indication of the diffcult deposition of copper onto tantalum. Just as for the 
cyclic voltammograms on platinum electrodes, the [C2mim]Cl and [BMP]Cl solutions 
have similar features for the tantalum electrodes as the [BMP][Tf2N] solution. 
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Figure 3: Cyclic voltammogram of 1 mol dm-3 of Cu(Tf2N) in [BMP][Tf2N] at 90 oC on a 
Pt working electrode.The scan rate was 50 mV s-1. 
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Figure 4: Cyclic voltammogram of 1 mol dm-3 of Cu(Tf2N) in [BMP][Tf2N] at 90 oC on a 
Ta working electrode.The scan rate was 50 mV s-1. 
 
Deposition of copper 
 
It was found that the copper layers had the highest quality when they were deposited 
from [BMP]Cl. [BMP]Cl was tested in this study since it combines the electrochemical 
stability of the [BMP]+ cation with the properties of Cl- based ionic liquids. 
Unfortunately, this compound is solid at 90 oC. Therefore it was mixed with 
[BMP][Tf2N] (50-50 mol%). This is a logical choice since both ions of [BMP][Tf2N] are 
present in the final deposition bath. The mixture of [BMP]Cl and [BMP][Tf2N] still 
showed some undissolved crystals at 90 oC, but after the addition of Cu(Tf2N)2, a 
transparent orange liquid was formed. This Cu2+ containing liquid was then transformed 
into a Cu+ solution. The cross section of a deposit is shown in figure 5. The deposited 
layer is 20 nm thick and closed. This means that the nucleation density has an 
approximate value of at least 8 1014 m-2, a value which could only be obtained by 
applying a large overpotential of -3 V. Some renucleation has already occurred as 
separately copper grains (indicated by white circles) can be noticed on top of the closed 
copper layer. Unfortunately, the TEM cross section shows that in between the tantalum 
substrate and the copper layer, a thin layer of tantalum oxide is present. Experiments to 
determine the origin of this oxide are still in progress. 
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Figure 5: TEM cross section of a deposit made in 1 mol dm-3 of Cu(Tf2N) in 
[BMP][Tf2N]-[BMP]Cl (50-50 mol%) at 90 oC. The deposition potential was -3 V and 
was applied for 500 ms. The white circles indicate the renucleated layer. The oxide layer 
is marked by two lines on the Cu-Ta interface. 
 
Conclusions 
 
Our research shows that Electrochemical Vacuum Deposition (EVD) should permit to 
deposit thin layers of copper on tantalum metal instead of tantalum oxide. The amount of 
available oxygen is strongly reduced in high vacuum conditions. Although some 
oxidation of the tantalum substrate still takes place, closed copper layers with a thickness 
of 20 nm can be deposited. 
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